Background: Baicalin, a natural product isolated from Scutellaria radix, has been reported to exert anti-oxidant and anti-apoptotic effects on skin, but the underlying mechanism remains poorly understood. This study aimed to investigate the possible mechanism of anti-UVB effect of baicalin in human skin fibroblasts. Methods: Cell proliferation was estimated by CCK-8 Kit. Apoptotic incidence was detected by flow cytometry with Annexin V-PE/PI apoptosis detection kit. Autophagy was determined by the evaluation of fluorescent LC3 puncta and Western blotting. Cell signalling was analysed by Western blotting. Results: Baicalin exerted cytoprotective effects in UVB-induced HSFs. Moreover, baicalin increased autophagy and suppressed UVB-induced apoptosis of HSFs. Pretreatment with 3-MA, an autophagy inhibitor, attenuated baicalin-induced HSFs autophagy and promoted apoptosis. Baicalin activated AMPK, which leads to suppression of basal mTOR activity in cultured HSFs. Administration of compound C, an AMPK inhibitor, abrogated AMPK phosphorylation and increased mTOR phosphorylation and apoptosis compared with baicalin alone. Conclusion: Taken together, these results indicate the important role of mTOR inhibition in UVB protection by baicalin and provide a new target and strategy for better prevention of UV-induced skin disorders.
Introduction
Skin acts as the protection barrier of our body by defending against harmful environmental factors, such as ultraviolet light (UV) radiation, pathogens and toxic chemicals, but is usually firstly damaged and causes a variety of skin disorders. Exposure to UV (mostly UVA and UVB) is considered as one of the major hazards involving in human skin carcinogenesis, mainly associated with UV-induced DNA damage. 1, 2 The most important way to eliminate these damaged cells is through apoptosis, which acts as a protection mechanism to avoid malignant transformation. 3 However, dysregulated apoptosis may destroy the integrity and function of the skin, causing skin disorders such as sunburn, psoriasis and skin cancer. 4 Due to its wavelength (280-320nm), UVB is mostly absorbed in the epidermis which contains keratinocytes, 5, 6 but is also able to reach the underlying papillary dermis where fibroblasts are. 7 Radiation of UVB can cause DNA damage and inducing apoptosis in both epidermis and dermis. 3, 8 In response to UVB radiation, p53 signaling pathway is activated, including up-regulation of genes coding for proapoptotic Bax and Bak proteins and trans-repression of anti-apoptotic Bcl-2, Bcl-xL, [9] [10] [11] leading to cell cycle arrest and apoptosis. UV radiation and DNA damage also induce autophagy, 12 an evolutionarily conserved catabolic program by which cytoplasmic material and intracellular organelles are engulfed in autophagosomes, degraded by the lysosomes, ultimately recycling macromolecules to maintain homeostasis. Recent studies showed that, upon UV radiation, autophagy is driven by p53 through negative regulation of mTOR and activation of AMPK. 13 It has also been reported that autophagy could counteract apoptosis at the level of Bcl-2-interacting protein-1 (Beclin-1; ATG6), which is pivotal both in initial steps in autophagosome formation and apoptosis. Although it is believed that keratinocytes are the major cell type impacted by UVB radiation, [14] [15] [16] recent studies suggest more susceptibility of fibroblasts to UVB radiation than keratinocytes. Specifically, changes of fibroblast p21 have been shown to be higher than keratinocyte p21 after UVB radiation, leading to stronger changes in the level of p53 in fibroblasts than keratinocytes. 17 Moreover, fibroblasts are known to take integral roles in the dermal-epidermal crosstalk by involving in several epidermal biological pathways such as keratinocyte proliferation, differentiation and migration. 18 Baicalin, a flavonoid compound extracted from the dried roots of Scutellaria baicalensis Georgi, has multiple pharmacological activities including anti-oxidant, antibacterial, antiviral, and anti-inflammatory effects. 19, 20 Mounting evidence has revealed that baicalin has an inhibitory effect on UVB-induced photo-damage, reducing the increased apoptosis, ROS production, cyclobutene pyrimidine dimers (CPDs) formation and oxidative DNA adducts. 21, 22 A recent study showed that baicalin could reduce UVB-induced apoptosis in HaCaT in a dosedependent manner. 20 Given the fact that UVB could reach dermis containing fibroblast, together with the discussions earlier on the important roles of fibroblasts in mediating various cutaneous processes, it is of great interest to study the photoprotection effects and molecular mechanisms of baicalin on human skin fibroblasts (HSFs). The purpose of this study was to investigate whether baicalin can protect HSFs from UVB radiationinduced apoptosis and to determine the molecular mechanisms.
Materials and Methods

Cell Culture and UVB Radiation
Human dermal fibroblasts, which were obtained from four Chinese donors aged 8-12 years by means of a foreskin circumcision, were cultured in the Cell Resource Centre, IBMS, Chinese Academy of Medical Sciences and Peking Union Medical College. Purified Baicalin (BR, 90%) was purchased from the Yuanye Bio-Technology company (Shanghai, China). The cells were cultured in DMEM, which contained 25 mM glucose, 10% FBS, and 1% penicillin-streptomycin in an atmosphere of 5% CO 2 at 37°C, and placed in a culture flask with a 25-cm 2 surface area. The medium was replaced every 3 days. The cultured dermal fibroblasts were digested and passaged with 0.25% trypsin after the cell confluence reached approximately 80%. The fibroblasts from passages 3-6 were selected for the following experiments and seeded at a confluence of 70%-80% 24 h before experiments. The UVB dosage employed was established during pilot experiments. UVB irradiation was delivered with a Philips TL 20W/ 12 lamp (Eindhoven, The Netherlands), which emits UVB radiation at a wavelength of 280-320 nm and with a peak at 313 nm at a power of 2.3-2.4 W. Radiation output was monitored with a Waldmann UV-meter (Waldmann, VilligenSchwenningen, Germany). Prior to UVB irradiation, the medium was removed and covered with phosphate-buffered saline (PBS). The cells were irradiated at a distance of~15 cm from 1 lamp with an irradiation dosage of 600 J/m 2 for UVB.
Irradiation time was calculated according to the output power measured by the UV meter. After UV radiation, the cells were incubated in DMEM supplemented with 10% FBS and 1% penicillin-streptomycin in an atmosphere of 5% CO 2 at 37°C till further treatment.
Cell Proliferation Assay
We analyzed cell proliferation using a CCK- 
Evaluation of Autophagy by Measuring the Fluorescent LC3 Puncta
The tandem fluorescent GFP-LC3 adenoviral vectors (Ad-tf-LC3) were purchased from HanbioCo (HanbioCo. Ltd, Shanghai, China). Fibroblasts cultured on coverslips were transduced with Ad-tf-LC3 at 15 MOI for 24 h. After adenovirus transduction, the cells were washed with PBS, fixed with 4% paraformaldehyde for 20 min, mounted with a reagent, and viewed with confocal microscopy. Autophagy was determined by analyzing the formation of LC3 puncta of autophagosomes in cells. Specifically, the number of GFP dots was determined by manually counting fluorescent puncta in five fields from three different sample preparations. The number of dots per cell was obtained by dividing the total number of dots by the number of nuclei in each microscopic field. At least 150 GFP-positive cells per condition were counted and the graphs were plotted as percentage of GFP-LC3 dot-positive cells over the total number of transfected cells.
Statistical Analysis
All experiments were repeated at least three times and representative experiments are shown. Data are presented as means±SEM. Differences were evaluated by one-way analysis of variance post hoc Dunnet's, using computer program GraphPad Prism (GraphPad Software, San Diego, CA). A p-value of less than 0.05 was considered statistically significant.
Results
Baicalin Protects Against UVB-Induced Phototoxicity in HSFs
Before detecting the cytoprotective effect of baicalin in UVB-induced HSFs, we first confirmed the toxic effect of baicalin on HSFs. HSFs were treated with different concentrations of baicalin (3.125, 6.25, 12.5, 25, 50, 100 ng/mL) and incubated for 24 hrs. As Figure 1A shows, the cell viability was significantly reduced when pretreated with 50 ng/mL and 100 ng/mL baicalin (p < 0.05), while other concentrations of baicalin were considered safe to HSFs. In another set of experiment, after being irradiated with 600 J/m 2 of UVB, HSFs were cultured with varied concentrations of baicalin (6.25, 12.5, and 25 ng/mL) for 24 hrs. As the results in Figure 1B show, the 12.5 ng/mL and 25 ng/mL baicalin treatment remarkably increased cell viability compared to UVB treatment alone. These data indicate that baicalin could protect HSFs from phototoxicity induced by UVB, and the concentration of 25 ng/mL was chosen to be used in the following studies.
Baicalin Suppresses UVB-Induced Apoptosis in HSFs
To investigate whether baicalin affects apoptosis induced by UVB in HSFs, Annexin V/PI staining and flow cytometry were applied. As Figure 2A and B shows, compared to the sham group, UVB irradiation (600 J/m 2 ) significantly induced apoptosis of HSFs (p < 0.05), which is in accordance with previous studies, 23, 24 whilst baicalin treatment (25 ng/mL) inhibited apoptosis remarkably (p < 0.05). We further analyzed the possible pathway involved by exploring the expression of caspase 3, the key mediator in apoptosis, and PARP, the typical substrate for caspase 3. Firstly, Figure 2C shows that caspase3 and PARP in HSFs were elevated after UVB irradiation, but UVB+baicalin treatment could decrease the elevation of both caspase3 and PARP. Secondly, as Figure 2D shows, there were decreased Bcl-2 (an antiapoptotic protein) and increased BAX (a pro-apoptotic protein) after UVB irradiation, which were inhibited by the baicalin treatment. These results suggest that baicalin could suppress the UVB-induced apoptosis through decreasing caspase3, PARP and BAX, and increasing Bcl-2 levels.
Baicalin Increases UVB-Induced Autophagy in HSFs
It has been proven that UVB exposure promotes autophagy in dermis, 25 whilst baicalin also induces autophagy in varied human cancer cells. 26, 27 As we have found that baicalin could protect HSFs against UVB-induced cell death and apoptosis, we further investigated the effect of baicalin on UVB-induced autophagy. As Figure 3A and B shows, UVB exposure could significantly increase the number of GFP-LC3-containing puncta and baicalin treatment increased the elevation. Bafilomycin A1, an autophagy inhibitor that prevents maturation of autophagic vacuoles by inhibiting fusion between autophagosomes and lysosomes, 28 was applied to detect how baicalin affected the autophagy flux. As the data shown in Figure 3A and B, compared to UVB+ Bafilomycin A1, the UVB+Baicalin+Bafilomycin A1 treatment significantly increased the number of GFP-LC3-containing puncta, suggesting that baicalin prompted the UVB-induced autophagic activity by inducing autophagosome generation, not through inhibiting autophagosome lysosomal fusion. Next, we studied the generation of autophagosomes by detecting the LC3 conversion (LC3-I to LC3-II), for the expression of LC3-II is the indicator of the number of autophagosomes. 29 The Western blot results ( Figure 3C ) illustrated that UVB exposure could increase the ratio of LC3-II/LC3-I and the expression of beclin-1, the critical player in the regulation of autophagy. Combined with GFP-LC3-containing puncta data, the Bafilomycin application failed at eliminating the elevation, which further confirmed that baicalin could increase the UVB-induced autophagy flux. 
3-MA Inhibits the Effects of Baicalin on UVB-Induced Autophagy and Apoptosis in HSFs
To further confirm the effect of baicalin on UVB-induced autophagy, we adopted another inhibitor of autophagy, 3-methyladenine (3-MA) in our experiment before the Baicalin treatment. Figure 4A and B shows, 3-MA could significantly decrease the number of GFP-LC3-containing puncta compared with Baicalin+UVB treatment. The ratio of LC3-II/LC3-I and the expression of beclin-1 ( Figure 4C ), which were induced by Baicalin+UVB treatment, were both remarkably suppressed by 3-MA. We also detected that 3-MA could inhibit the suppressive effect of Baicalin on UVB-induced apoptosis. As Figure 4E and F shows, compared with Baicalin+UVB treatment, 3-MA increased apoptosis level of HSFs significantly, and in accordance with it, the expression of caspase3 was also elevated ( Figure 4D ). These results suggest that the inhibition of autophagy could eliminate the effects of baicalin on UVB-induced autophagy and apoptosis, in other words, baicalin suppresses UVB-induced apoptosis through inducing autophagy flux.
Baicalin Increases UVB-Induced Autophagy in HSFs via the AMPK-mTOR Pathway
In order to detect the underlying mechanism of Baicalin promoting UVB-induced autophagy in HSFs, we studied the AMPK-mTOR pathway. As Figure 5A shows, Baicalin could significantly increase the phosphorylation of AMPK and decrease the phosphorylation of mTOR, while the application of compound C, an inhibitor of AMPK, could remarkably abrogate the effect of baicalin on AMPK and mTOR. Compound C also decreased the number of GFP-LC3-containing puncta, the ratio of LC3-II/LC3-I, and the expression of beclin-1 ( Figure 5B and C) , suggesting the inhibition of AMPK could suppress the induction of Baicalin on autophagy induced by UVB in HSFs. As Figure 5E shows, compared with the UVB+Baicalin group, the addition of compound C could elevate the expression of caspase 3, and Figure 5F and G shows that compound C also increased the apoptosis level. All these results suggest that the inhibition of AMPK could attenuate the effect of Baicalin on autophagy and apoptosis in HSFs.
Discussion
UVB is one of the major etiological factors that induce DNA damage and trigger apoptosis as well as autophagy, 30 which results in sunburn and skin cancers including non-melanoma carcinoma and malignant melanoma formation. 8, 31 Traditional photoprotection methods are usually wearing of tropical sunscreen or oral administration of antioxidants such as vitamins, minerals, polyphenols and carotenoids. 32 Recently, natural compounds have been widely explored in their photoprotection effects. Baicalin, a famous natural product of traditional Chinese medicine with antioxidant, antiinflammatory, anti-apoptosis and pro-autophagy effects, is brought into focus for the protective function to photodamage and carcinogenesis. 20, 33 Baicalin is proved to be photoprotective to fibroblasts after UVB irradiation by the anti-photoaging effect. 34 It is also effective in inhibiting UVB-induced photodamage in keratinocytes by harvesting reactive oxygen species, 20 reducing the increased apoptosis rate and suppressing oxidative DNA adducts, in which process the relevant cytokine secretion and the expression of several genes like p53 and p21 were reduced. 35 Meanwhile, baicalin has been shown to induce autophagy in a variety of cell types including hepatocellular carcinoma cells, 26, 36 breast cancer cells, 37 and even mice brain. 38 In this context, we examined whether baicalin could protect fibroblast cells against UVB radiation via reducing apoptosis and inducing autophagy, and explored if the underlying mechanism of autophagy induction is via activation of AMPK and downregulation of mTOR. 13 In the present study, we found that baicalin increased cell viability ( Figure 1A ) and suppressed apoptosis (Figure 2A and B) of human fibroblast cells induced by UVB at 600 J/m 2 , the dose level high enough to caused fibroblast cells to undergo apoptosis. 39, 40 UVB radiation is capable of activating several apoptotic pathways by inducing DNA damage and activating tumor suppressor gene p53. 24 As UVB radiation activates p53 signaling pathway, the downstream proapoptotic Bax is upregulated and anti-apoptotic Bcl-2 is suppressed, leading cell arrest and apoptosis. Indeed, the addition of baicalin downregulated Bax and increased Bcl-2 as shown in Figure 2D , suggesting that baicalin may suppress UVB-induced apoptosis via downregulating p53 signaling pathway. Additionally, the caspase signaling pathway is known to regulate the apoptotic responses. 41 By Western blot analysis, we found that caspase-3 and PARP, both of which are activated during apoptosis, were inhibited by baicalin treatment compared to UVB radiation alone ( Figure 2C ). The result agrees with one of our previous studies showing that exposure of HSFs to UVA activates caspase-3, and the treatment with baicalin decrease caspase-3 significantly. These promising results indicated that multiple pathways participating in reducing UVB-induced apoptosis in fibroblasts by baicalin treatment. Besides apoptosis, UVB radiation also induces the autophagy of HSF. Beclin-1, a biomarker of autophagy, is known to be involved in the formation of autophagosomes. 42 The conversion of the LC3-I protein to LC3-II is another hallmark of autophagy induction during autophagosome formation. 43 As shown in Figure 3 , with the addition of Bafilomycin A1, which inhibits the autophagosomelysosome fusion, baicalin treatment could still increase the number of GFP-LC3-containing puncta, upregulate the expression of beclin-1 and the ratio of LC3-II/LC3-I. These results suggest that baicalin prompted the UVB-induced autophagic activity by inducing autophagosome generation, not through inhibiting autophagosome-lysosome fusion. Apoptosis and autophagy are complex and interconnected cellular processes that play a major role in determining cellular fate. Autophagy has been demonstrated to induce apoptosis under different stresses in some in vitro studies, but it has also been found to maintain cellular homeostasis under different stresses by inhibiting apoptosis. To explore the roles of baicalin between the interaction of autophagy and apoptosis within UVB-induced fibroblast cells, we applied 3-MA to HSF to inhibit autophagy and studied the alternation of biomarkers after that. Specifically, 3-MA blocks autophagosome formation by inhibition of phosphatidylinositol 3-kinases (PI3K), which controls the activation of mTOR, a key regulator of autophagy. As Figure 4A -C shows, 3-MA significantly decreased the number of GFP-LC3-containing puncta, suppressed the expression of beclin-1 and ratio of LC3-II /LC3-I induced by UVB+Baicalin. These results indicated that 3-MA could inhibit autophagy induced by UVB +Baicalin. Then, we further examined the apoptosis level shown in Figure 4E and F. In consistency with the autophagy level, the apoptosis induced by UVB+Baicalin was upregulated by 3-MA, and the elevated caspase-3 level ( Figure 4D ) further confirmed these results. These data suggested that baicalin may suppress UVB-induced apoptosis through inducing autophagy flux.
We finally move to investigating the signaling pathways of baicalin-induced autophagy after UVB irradiation. Upon UV radiation, it has been revealed that autophagy is driven by p53 through negative regulation of mTOR and activation of AMPK, and autophagy could counteract apoptosis at the level of Beclin-1, which both involves in autophagy and apoptosis. 21 AMPK is a serine/threonine protein kinase that consists of three subunits: a catalytic α-subunit and regulatory β-and γ-subunits. 44 Activated AMPK (p-AMPK) leads to phosphorylation and activation of the TSC1/2 complex, which inhibits mTOR activity. 45 mTOR is a serine/threonine protein kinase that regulates cell metabolism, proliferation, death, and survival. 22 In this study, firstly, we confirmed that baicalin could increase the UVB-induced phosphorylation of AMPK and decrease the phosphorylation of mTOR ( Figure 5A ). Then, we applied compound C to inhibit AMPK and found that the effect of baicalin on UVB-induced AMPK and mTOR status was abrogated. At the same time, the number of GFP-LC3-containing puncta, the ratio of LC3-II/LC3-I, and the expression of beclin-1 ( Figure 5B , C, and D) were all downregulated, suggesting the inhibition of AMPK could suppress the effect of baicalin on UVB-induced autophagy in HSFs. Additionally, as Figure 5E -G shows, the addition of compound C could elevate the expression of caspase 3 and increase the apoptosis level compared to UVB+Baicalin treatment. Obviously, the inhibition of AMPK could attenuate the effect of Baicalin on UVBinduced autophagy and apoptosis in HSFs. With siRNA to inhibit the AMPK expression ( Figure 6 ), we confirmed its effect on the phosphorylation of mTOR and the involvement of AMPK after the treatment of baicalin in HSFs.
In conclusion, the present study demonstrated that baicalin has the ability to protect UVB-irradiated HSFs from apoptosis by inducing autophagy, via the upregulation of AMPK phosphorylation and the downregulation of mTOR phosphorylation. Though more detail mechanisms need to be explored, baicalin is becoming considered as a potential therapeutic strategy to prevent the photodamage.
